The primary source of neutrinos for the MicroBooNE experiment is Fermilab's Booster Neutrino Beamline. The beamline uses 8 GeV protons from the Booster accelerator steered onto a beryllium target. The secondaries are focused by a magnetic horn down a 50m long decay pipe. Decays of these secondaries give rise to a neutrino beam. We use the beamline simulation and techniques previously developed by the MiniBooNE collaboration to calculate the neutrino flux and estimate systematic uncertainties at the MicroBooNE detector location.
Introduction
The MicroBooNE detector is located in the same Booster Neutrino Beamline (BNB) as the MiniBooNE detector at a baseline of 468.5m. After many years of operation, MiniBooNE developed a well constrained beamline simulation based on the GEANT4 framework [1] as well as techniques to handle systematic uncertainties [2] . Following the original publication of neutrino flux predictions in the BNB, MiniBooNE updated the simulation to include the SciBooNE measurement of p + Be → K + production in the BNB [5, 6] . The update changed the flux prediction, and provided a better constraint on kaons produced in BNB. Furthermore, MiniBooNE also developed a better technique for evaluating π + and π − production uncertainties by using the HARP pion production data directly rather than a fit parametrization. This technique allowed the HARP measurement uncertainties to be more properly propagated to the calculated neutrino flux. The data-based HARP uncertainties were used to produce all of the MiniBooNE oscillation and cross section results (cf. [3, 4] ).
We adapted these tools and techniques to calculate neutrino flux and systematic uncertainties at the MicroBooNE detector location, and reimplemented them into the LArSoft framework [7] used to analyze MicroBooNE data.
The calculations shown here were done for the neutrino mode configuration in which the horn is pulsed with +174 kA. Figure 1 shows the predicted neutrino flux averaged through the MicroBooNE detector TPC volume. This is the absolute flux as generated by the simulation. No scaling factors are needed or applied. Figure 2 shows the effect on the neutrino flux when SciBooNE data [5] is included in the global fit of K + production data [6] . Note that the flux shown in the figure was calculated upstream of MicroBooNE detector, and not averaged through TPC volume as in Figure 1 .
Neutrino Flux Calculation

Systematic uncertainties
The flux uncertainties were evaluated for the same set of systematics as considered in Ref. [2] . The uncertainties can be split into two categories.
• Hadron production: π + , π − , K + , K − , and K 0 L • Non-hadron production: mismodeling of horn current distribution, horn current miscalibration, pion and nucleon total, inelastic, and quasielastic scattering cross-sections on beryllium and aluminum Additionally we assign a 2% normalization uncertainty due to uncertainties in proton delivery. This includes the beam intensity measurement uncertainty, and the uncertainty in number of protons actually hitting the target. Beamline instrumentation is used to monitor the beam on spill-by-spill basis. The beam intensity is monitored using two beam toroids with a precision at the 1% level. The beam position at the target is derived from several horizontal and vertical beam position monitors upstream of the target. The profile of the beam is monitored using horizontal and vertical multiwire monitors. Beam quality cuts are used to eliminate data where any significant fraction of the beam misses the target keeping the total proton delivery uncertainty below 2%.
The exact same ±1σ variations of the underlying parameters were applied as in Ref. [2] except for charged pion production and K + production where subsequent improvements were adapted, as described above. With these updates the underlying uncertainties are the same as in recent MiniBooNE analyses (for example as in Ref. [4] ). Figure 3 shows the correlation matrices for muon and electron neutrinos calculated after including all of the systematic uncertainties. Figure 4 shows the total correlation matrix calculated including the correlations between ν µ and ν e energy bins. The ν e matrix (as well as the off-diagonal block of the ν µ − ν e matrix) is not entirely smooth due to lower MC statistics. Note that the binning shown here is finer than what is used in data analysis. Furthermore, the MC statistics used is still much higher than the expected data statistics, and therefore the noise in the off-diagonal elements of the covariance matrix will be much smaller when compared to the diagonal elements. Table 3 shows the breakdown of systematic uncertainties on the calculated flux. The dominant uncertainties are due to hadron production uncertainties. Figure 5 shows the fractional uncertainty on the neutrino flux, and the dominant systematics as a function of energy for each neutrino type. Table 1 : Systematic uncertainties on the BNB flux calculation. The other category includes uncertainties in pion and nucleon total, inelastic, and quasi-elastic cross sections on beryllium and aluminum, as well as the horn current calibration uncertainty, and uncertainty in the horn current distribution. Proton delivery includes uncertainties in counting the protons on target, and the uncertainty arising from some of the protons in the tails of the beam profile not going through the whole target. Table 2 : Muon neutrino flux through MicroBooNE TPC volume corresponding to Figure 1 , and the total fractional uncertainty as shown in Figure 5 .
A Muon neutrino flux and systematic uncertainties
